Purpose: In a recent study, we presented preliminary evidence for biological activity in a Phase I dose-finding study (15-600 mg/m 2 ) of recombinant human endostatin in patients with refractory solid tumors. Here, we conducted additional biomarker analyses to correlate changes in tumor biology with dose.
Introduction
Angiogenesis is the dynamic process of new blood vessel formation from the established vasculature (1, 2) . Angiogenesis occurs in physiological situations such as embryonic development and wound healing but is also critical for tumor progression and metastasis (3) (4) (5) . Recent work has demonstrated that tumors often stimulate angiogenesis via production of factors (e.g., vascular endothelial growth factor, basic fibroblast growth factor, interleukin 8) that promote endothelial cell (EC) proliferation, survival, and differentiation (5, 6) , and overexpression of one or more of these factors often predicts poor prognosis (7) . Importantly, the ECs that make up the tumor vasculature are considered functionally normal in that they do not appear to accumulate genetic defect(s) (8, 9) . Therefore, tumor-associated ECs may not acquire a drug-resistant phenotype, making them an attractive target for therapeutic intervention (3, 5, 10) .
Although targeting tumor-associated ECs offers conceptual advantages over conventional anticancer therapeutic strategies, new procedures may be required to effectively evaluate the effects of antiangiogenic agents in clinical trials (11) . Preclinical single-agent studies indicate that these compounds are cytostatic rather than cytotoxic (12, 13) . Therefore, antiangiogenic therapy may have little effect on tumor size in advanced disease but still may prove beneficial in long-term maintenance approaches in patients with minimal residual disease or when it is combined with conventional therapies in patients with bulky or metastatic disease. Ironically, the nontoxic properties of these agents create complications for clinical trial design (14 -16) . The maximumtolerated dose is usually determined by the dose-limiting toxicity (incidence Ͻ33%), and it serves as the basis for the identification of an active dose range (17) . However, because angiogenesis inhibitors often lack toxicity and their biological activities may not be related to their maximum-tolerated doses, defining their optimal biological doses may be essential to exploiting their full therapeutic potential (14) .
Endostatin is a M r 20,000 COOH-terminal cleavage frag-ment of collagen XVIII that can function as an endogenous inhibitor of angiogenesis (8, 18 ). Endostatin's receptor(s) has not been isolated, and its mechanism(s) of action remains obscure. Nonetheless, candidates include interference with vascular endothelial growth factor and/or basic fibroblast growth factor signaling (19) , inhibition of EC proliferation (20) , migration (20, 21) or adhesion (22) , disruption of cytoskeletal organization (23) , interference with vascular precursors, and inhibition of matrix metalloproteases (24) . Irrespective of the immediate effects of endostatin action, several investigators have demonstrated that it down-regulates BCL-2 and induces apoptosis in ECs (24, 25) , which most likely play major roles in its antiangiogenic effects. To more directly evaluate endostatin's effects on human tumors, our institution carried out one of three National Cancer Institute-sponsored Phase I dose escalation trials (15-600 mg/m 2 ) of recombinant human endostatin (rh-Endo) in patients with advanced solid malignancies (26) . The primary objective of our trial was to determine whether biological surrogates of drug activity could be identified using noninvasive and invasive strategies (27) . To this end, patients enrolled in this trial were required to provide an excisional biopsy just before the initiation of rh-Endo therapy and a second after the completion of two courses of therapy (56 days; Ref. 27 ). In addition, tumor blood flow and glucose metabolism were measured by positron emission tomography (PET) in marker lesions that were in most cases distinct from the ones that were biopsied at baseline and after the first and second courses of therapy (27) . Detailed descriptions of the trial design and preliminary results are provided elsewhere (26, 27) . Importantly, although we were able to detect significant changes in several of the markers studied, no clear dose-response relationship was observed for any of them (27) . Therefore, the present study was initiated to provide a more rigorous characterization of likely biomarkers of antiangiogenic activity. To gain more information about intratumoral heterogeneity, we performed additional measurements of cell death in tumor cells (TCs) and tumor-associated ECs, and we also conducted new experiments designed to test possible effects of endostatin on other parameters of angiogenesis inhibition. The results suggest that endostatin has measurable biological activity but that it is maximal at intermediate doses of the drug, ϳ250 mg/m 2 .
Materials and Methods
Tumor Biopsies. The Phase I trial design, patient characteristics, doses, and schedule are described in detail elsewhere (26, 27 ). An excisional tissue biopsy was required at study entry and again at the end of the second cycle (56 days). Seventeen patients with pre-and posttreatment biopsies were included in the study. Tumor type and biopsy size, including the measurement of tumor blood flow by PET, were previously reported (27) . The average number of cells analyzed in each biopsy was ϳ5,000. Tissues were washed in PBS, embedded in Tissue-Tek OCT (Miles, Inc., Elkhart, IN), and frozen immediately by slow freezing in liquid nitrogen for 1-2 min, then stored at Ϫ80°C.
Laser Scanning Cytometry (LSC) Detection of Immunofluorescence CD31 (ECs) and TUNEL (Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling).
Frozen biopsies were sectioned (8 m), fixed with cold acetone for 5 min, and washed with PBS for 3 min. Tissues were incubated with 0.2% Triton X-100 in PBS for 5 min and then washed three times with PBS for 3 min. Tissues were incubated with protein block (5% normal horse serum in PBS) for 15 min. Protein block was removed, and tissues were incubated with a 1:400 dilution of monoclonal antihuman CD31 (clone JC/70A; Dako Corporation, Carpinteria, CA) in protein block overnight at 4°C. Avoiding exposure to light, tissues were washed with PBS three times for 3 min and incubated with a 1:200 dilution of Cy5-conjugated goat antimouse secondary (Jackson ImmunoResearch Laboratories, West Grove, PA) in protein block for 4 h at 4°C. Tissues were incubated with 4% paraformaldehyde at room temperature for 10 min and washed twice with PBS for 5 min. Fluorescent TUNEL (Promega, Madison, WI) was performed by incubating tissues with reaction buffer (from kit) for 5 min and then reaction buffer containing all components from the kit in a humid atmosphere at 37°C for 1 h, avoiding exposure to light. Next, tissues were washed three times with PBS for 5 min each to remove unincorporated fluorescein-dUTP. Cell nuclei were counterstained with 1 g/ml propidium iodide for 5 min. Tissues were then washed with PBS twice for 3 min, and Prolong (Molecular Probes, Eugene, OR) was used to mount coverslips.
Immunofluorescence microscopy was performed using an objective (ϫ200; Zeiss Plan-Neofluar) on an epifluorescence microscope equipped with narrow bandpass excitation filters mounted in a filter wheel to select for green and red fluorescence. Images were captured using a chilled CCD camera (Hamamatsu) on a PC computer and were processed using Adobe PhotoShop software (Adobe Systems, Mountain View, CA).
Three-color immunofluorescence analysis of CD31 and TUNEL was quantified by LSC (CompuCyte Corporation, Cambridge, MA) as described previously (27) (28) (29) . The LSC is an instrument designed to enable fluorescence-based quantitative measurements on cellular preparations at the single cell level. The instrument consists of a base unit containing an Olympus BX50 fluorescent microscope and an optics unit coupled to an Argon and HeNe laser. Biopsies were carefully evaluated for the quality of immunofluorescent staining before LSC analysis. Each slide was placed on a computer-controlled motorized stage, and the desired area to be scanned was visually located using the instrument's epifluorescent microscope, excluding normal tissue and necrotic regions. The LSC was used very much like a fluorescent activated cell sorter to obtain twoand three-color fluorescent intensity information from the heterogeneous tissue specimens. Slides were scanned using a ϫ20 objective, and cell nuclei were contoured using the red fluorescence (propidium iodide) detector. The threshold contour was set to optimize cellular contours. CD31-positive cells were detected by Cy5 fluorescence using the long-red fluorescence detector, and TUNEL-positive events were detected using the green detector. The relative levels of fluorescence for each cell were plotted on a scattergram. The analytical gates define four quadrants that determine the total number of cells within each population (CD31 -/TUNEL ϩ , CD31 ϩ /TUNEL ϩ , and so forth). Each gate was set based on the fluorescent properties of the negative control sample (secondary antibody). The relocation feature was used to confirm TUNEL-positive and CD31-positive cells. Each data file was replayed to determine the percentages of apoptotic tumor-associated ECs and TCs in each biopsy.
LSC Analysis of Tumor Microvessels. Immunofluorescence detection of microvessels was achieved by staining with anti-CD31 according to the previous protocol. After coverslips were mounted, tissues were scanned by LSC. Each slide was placed on a computer-controlled motorized stage, and the desired area to be scanned was visually located using the instrument's epifluorescent microscope, excluding normal tissue and necrotic regions. Slides were scanned using a ϫ20 objective, and microvessels were contoured using the long-red fluorescence detector. The threshold contour was set to optimize microvessel contours based on contiguous fluorescence of Cy-5 (CD31). A gate was set based on the fluorescent properties of the negative control sample (secondary antibody). Each microvessel contoured was plotted on a x and y coordinate position map, and the total number of microvessels was recorded in the region statistics. The total number of microvessels was determined for each biopsy, and microvessel density (MVD) was calculated by taking the ratio of microvessels to the total number of cells in the same region obtained from analyzing CD31 and TUNEL.
Immunofluorscence Detection and LSC Analysis of Bcl-2/Hypoxia-Inducible Factor 1␣ (HIF-1␣). For EC Bcl-2 detection, anti-CD31 staining was performed according to the previous protocol. After staining for CD31, tissues were washed twice with PBS containing 0.1% Brij for 3 min and washed once with PBS for 3 min. Tissues were then incubated with monoclonal antihuman Bcl-2 oncoprotein (clone 124; Dako Corporation) in protein block overnight at 4°C. Avoiding exposure to light, tissues were washed with PBS three times for 3 min and incubated with a 1:600 dilution of FITC-conjugated goat antimouse secondary (Jackson ImmunoResearch Laboratories) in protein block for 4 h at 4°C. Tissues were washed twice with PBS containing 0.1% Brij for 3 min and washed once with PBS for 3 min. Cell nuclei were counterstained with 1 g/ml propidium iodide for 5 min. Tissues were then washed with PBS twice for 3 min, and Prolong (Molecular Probes) was used to mount coverslips.
For HIF-1␣ detection, frozen biopsies were sectioned (8 m), fixed with cold acetone for 5 min, and washed with PBS for 3 min. Tissues were incubated with 0.2% Triton X-100 in PBS for 5 min and then washed three times with PBS for 3 min. Next, tissues were incubated with protein block (5% normal horse serum in PBS) for 15 min. Protein block was removed and tissues were incubated with a 1:100 dilution of monoclonal antihuman anti-HIF-1␣ monoclonal IgG 2b (clone H1␣67; Novus Biologicals, Littleton, CO) in protein block overnight at 4°C. Avoiding exposure to light, tissues were washed with PBS three times for 3 min and incubated with a 1:200 dilution of Cy5-conjugated goat antimouse secondary in protein block for 4 h at 4°C. Tissues were washed twice with PBS containing 0.1% Brij for 3 min. For LSC analysis, cell nuclei were counterstained with 1 g/ml propidium iodide for 5 min. Alternatively, 1 g/ml sytox (Molecular Probes) was used to visualize cell nuclei for colocalization of nuclear translocation of HIF-1␣.
Tissues were then washed with PBS twice for 3 min, and Prolong (Molecular Probes) was used to mount coverslips.
For LSC quantification, slides were scanned using a ϫ20 objective, and cell nuclei were contoured using the red fluorescence (propidium iodide) detector. The threshold contour was set to optimize cellular contours. Bcl-2-positive cells were detected by FITC fluorescence using the green detector and HIF-1␣-positive cells were detected by Cy5 fluorescence using the long-red detector. For HIF-1␣ nuclear expression levels, the LSC perimeter contour feature was selected. The relative levels of fluorescence for each cell were plotted on a scattergram. The analytical gates define four quadrants that determine the total number of cells within each population (
, and so forth). Each gate was set based on the fluorescent properties of the negative control sample (secondary antibody). The relocation feature was used to confirm Bcl-2 and HIF-1␣-positive cells, and each data file was replayed to determine the percentages of each cell population.
Statistical Analysis. Mathematical criteria for fit were used to select the linear quadratic regression model for the analysis of data included in this study. The scatter plots of change versus rh-Endo dose observed with the results from analysis of apoptotic ECs and MVD measurements revealed a nonlinear pattern (unimodal). In particular, there was one peak dose value (maximum or minimum) of change for each variable. Graphical smoothing curves were used to examine the trends of the changes over dose using a nonparametric method, which indicated that a quadratic polynomial model would be appropriate to fit the data. Although the nonparametric method is flexible and does not depend upon the choice of the parametric curves, it is difficult to provide formal statistical inference from the model. Therefore, the quadratic polynomial model is specified for each variable while allowing for comparison of regression parameters between variables (Table 1) . For each quadratic dose-response curve (biomarker change versus dose), we estimated the maximum or minimum change over rh-Endo dose. It was of interest to examine the dose level at which the maximum or minimum change occurred for each biomarker, and its 95% confidence interval (CI). Comparison of the maximum (with respect to EC death) and minimum (with respect to MVD) provided the estimation of optimal biological dose.
The quadratic regression model assumed that Y (the expected change) would vary with dose according to the following: Y i ϭ a ϩ b ϫ dose i ϩ c ϫ dose i 2 . The maximum or minimum dose was determined by Ϫb/ (2 ϫ c) in this model, and its variance was estimated by the Delta method (30) , which allowed us to construct 95% CIs for the maximum or minimum doses. The quadratic model was also applied to the changes in tumor blood flow obtained for each 
Fig. 1 Effects of endostatin on tumor microvessel densities (MVDs).
A, biopsies obtained before and 56 days after endostatin therapy were stained with an anti-CD31 antibody, and tumor microvessels were detected by immunofluorescence as described in "Materials and Methods." A representative laser scanning cytometry (LSC)-generated contour (red line) image of microvessels is shown. B, representative tumor microvessel contour maps. Each microvessel contoured in A was plotted on a x and y coordinate position map. Representative whole biopsy sections before and after endostatin treatment reveal that endostatin decreased MVD in a heterogeneous fashion. Note the presence of fewer microvessels represented by a decrease in pixel density after endostatin therapy. C, representative images of anti-CD31 immunofluorescence before and after endostatin treatment. Endostatin therapy decreased the number of microvessels in a tumor that demonstrated disease stabilization at a dose of 180 mg/m 2 (original magnification, ϫ200). D, LSC-mediated quantification of MVD. Three sequential sections from each patient biopsy were scanned by LSC to obtain a total microvessel count for each tumor before (Ⅺ) and 56 days after endostatin treatment (o). Mean Ϯ SE, patients treated at intermediate doses of endostatin (180 -300 mg/m 2 ) displayed the largest decrease in MVD. E, comparison of changes in MVD versus dose. The change in MVD after endostatin therapy was calculated for each patient (total of 17 E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The data were fit to a quadratic polynomial model as described in "Materials and Methods." The results revealed a statistically significant relationship between the decreases in MVD and endostatin dose (P Ͻ 0.05) with an estimated maximal effect at 257 mg/m 2 (95% confidence interval, 183-331).
patient (no blood flow data were obtained for patients at the 15 mg/m 2 dose level). We compared the results obtained with the quadratic model with results obtained with a linear model via the use of adjusted-R 2 ( Table 1 ). The squared multiple correlation coefficient, R 2 , is the percentage of the variability in the dependent variables (e.g., apoptotic EC) that could be explained by dose using a predictive equation. The adjusted-R 2 incorporates the degrees of freedom in the equation (e.g., the degree of freedom is 1 for a linear model and 2 for a quadratic model). The value of adjusted-R 2 is between 0 and 1, and a larger value indicates a better fit (31) . The values of adjusted-R 2 obtained from the linear and quadratic regression models are presented in Table 1 , which shows that the quadratic models are better for apoptotic EC, MVD, or flow than the linear models, whereas linear models may fit equally well for analysis of the apoptotic TC or HIF-1␣ data.
Results
Effects of Endostatin on MVD. Antiangiogenic agents have been shown to reduce the number of tumor-associated microvessels in preclinical studies involving human tumor xenografts (8, 18) . Therefore, to obtain a more direct measure of endostatin's potential antiangiogenic activity, we measured tumor MVDs by anti-CD31 immunofluorescence and LSC-guided contouring (Fig. 1A) . Contiguous anti-CD31 immunofluorescence was used to generate MVD contour maps that revealed the numbers and locations of all blood vessels within each tumor biopsy section (Fig. 1B) . Qualitative assessment of anti-CD31 immunofluorescence and MVD contour maps revealed a heterogeneous decrease in microvessels after endostatin therapy in some of the biopsy pairs (Fig. 1, B and C) . LSC-mediated quantification was then used to obtain data from three sequential sections of each biopsy, excluding necrotic and normal tissue regions (Fig. 1D) . Visual inspection of the changes in MVD revealed a nonlinear pattern, which suggested that a quadratic polynomial model would best fit the data (see "Materials and Methods"). Analysis of the results using this model revealed a significant relationship between MVD and dose of endostatin, with maximal effects estimated at 257 mg/m 2 (95% CI, 183-331; Fig. 1E , Table 2 ).
Effects of Endostatin on EC Death. In our previous study, we stained the tumor tissue sections obtained in this clinical trial by three-color immunofluorescence for detection of total cell nuclei, anti-CD31, and TUNEL, which allowed us to identify dying tumor-associated ECs and dying TCs within the same tissue section (27) . We assigned a value to each biopsy based on the average level of cell death observed across the whole tumor section. However, a major concern that emerged was that the levels of cell death were extremely low, and potential problems in intratumoral heterogeneity (slide-to-slide variation) might make it impossible to obtain meaningful values from such studies. Therefore, to obtain a clearer picture of heterogeneity and, more importantly, to discern clear patterns of cell death, we performed additional staining to allow us to quantify levels of cell death in three independent regions (ϳ1000 cells/region) within each of three sequential tissue sections cut from each biopsy and included some of the original data in the reanalysis. Analysis of the raw data confirmed that levels of cell death were markedly heterogeneous among the patient population, although intratumoral heterogeneity (represented by the error bars) was manageable (Fig. 2, A and B) . Intriguingly, tumors from patients treated at intermediate doses of endostatin displayed significant increases in EC apoptosis ( Fig. 2A) .
Visual inspection of the changes in apoptosis revealed a nonlinear pattern, consistent with the changes in MVD (Fig.  1E) . Therefore, we applied the quadratic polynomial model to the new data set to determine the relationships between levels of cell death and dose. These analyses revealed a significant relationship between endostatin dose and EC apoptosis (Fig. 2C , Table 2 ), with maximal effects at 249 mg/m 2 (95% CI, 159 -338). However, levels of cell death within the CD31-negative (primarily TCs) compartment were not significantly associated with dose (Fig. 2D, Table 2 ), although TC death did correlate with EC death independently of dose (Pearson correlation coefficient ϭ 0.6 with P ϭ 0.01). The observation that maximal EC apoptosis and decreases in MVD were observed within the same range dose is consistent with the idea that the former causes the latter (12, 13, 32) .
Effects of Endostatin on Bcl-2 and Nuclear HIF-1␣ Expression. Previous studies have implicated Bcl-2 in the maintenance of EC survival (33). Therefore, we investigated whether endostatin-induced apoptosis in tumor ECs was associated with decreased Bcl-2 expression. Excisional biopsies were stained by three-color immunofluorescence for detection of total cell nuclei, CD31 (ECs), and Bcl-2 (Fig. 3A) . Fluorescence levels were subsequently quantified by LSC-mediated Table 2 Estimation of parameters and maximum or minimum dose of endostatin Estimation for the regression parameters was calculated for apoptotic endothelial cells (ECs) and tumor cells (TCs), microvessel density (MVD), tumor blood flow (flow), and hypoxia-inducible factor 1␣ (HIF-1␣) using the model: Y i ϭ a ϩ b*dose ϩ c*dose i 2 . Parameters with ( a ) are significant at a level of P Ͻ 0.05. The maximum (max) or minimum (min) dose with the 95% confidence interval (CI) was determined by Ϫb/(2*c) and was calculated by the Delta method (see "Materials and Methods"). These results yielded very similar max or min doses for apoptotic ECs and MVD with relatively narrow 95% CIs. Changes in tumor blood flow were significantly related to recombinant human endostatin dose, and the 95% CI overlapped considerably with those obtained for apoptotic ECs and MVD. In contrast, the very broad 95% CI obtained with quadratic analysis of TC death identified no max or min dose, indicating that there was no apparent relationship between TC death and endostatin dose. analysis (Fig. 3B) . Analysis of the data using the quadratic polynomial model identified 236 mg/m 2 as the dose of endostatin producing maximal decreases in EC BCL-2 expression (Fig.  3C) . However, as a result of greater variability in the data identified by a broader confidence interval (95% CI, 74 -397), the relationship was not statistically significant. Interestingly, we observed a modest increase in Bcl-2 levels within the CD31-negative (primarily TCs) compartment that also appeared to peak at intermediate doses of rh-Endo, ϳ218 mg/m 2 ( Fig. 3D ). HIF-1␣ is an oxygen-sensitive transcription factor that regulates the expression of a variety of hypoxia-associated genes, including erythropoietin and vascular endothelial growth factor (34 -36) . We therefore measured HIF-1␣ expression and cytoplasmic versus nuclear localization as candidate surrogates of tumor hypoxia (Fig. 4A) . LSC-mediated analysis demonstrated that there was no relationship between cytoplasmic HIF-1␣ levels and rh-Endo dose (Fig. 4B) . However, nuclear HIF-1␣ appeared to increase at intermediate endostatin doses with maximal effects at 252 mg/m 2 (Fig. 4C) . The broad 95% CI observed (CI, 54 -451; Table 1) indicated that endostatin's effects on HIF-1␣ were much weaker than its effects on EC death or MVD.
Effects of Endostatin on Tumor Blood Flow. In a recently published study, we reported the effects of endostatin on tumor blood flow and glucose metabolism measured by PET at 28 and 56 days after therapy (27) . Interestingly, analysis of the data using piecewise linear regression revealed a transition point at ϳ180 mg/m 2 . We reanalyzed the 56-day PET blood flow data using the quadratic polynomial model to determine whether the data fit the model. However, in contrast to our previous study (27) , we only included the patients for which matched baseline and posttreatment biopsies were available. Importantly, in all cases the marker lesions analyzed by PET were distinct from those biopsied. The results of our analyses revealed a significant Percentages of CD31-negative and terminal deoxynucleotidyl transferase-mediated nick end labeling-positive cells were quantified by LSC. Mean Ϯ SE, histological examination of the tissues indicated that the vast majority of the CD31-negative cells were tumor cells. C, relationship between tumor-associated endothelial cell death and dose of endostatin. The change in endothelial cell apoptosis after endostatin therapy was calculated for each patient (n ϭ 17, E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The quadratic polynomial model was used to determine the relationship between the change in endothelial cell apoptosis and dose as described in "Materials and Methods." The results revealed a statistically significant relationship between the increases in tumor-associated endothelial cell apoptosis and endostatin dose (P Ͻ 0.05) with an estimated maximal effect at 249 mg/m 2 (95% confidence interval, 159 -338). D, relationship between tumor cell (CD31 -cells) death and dose of endostatin. The change in tumor cell apoptosis after endostatin therapy was calculated for each patient (n ϭ 17, E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The data were fit to a quadratic polynomial model. The results revealed no significant relationship between the increases in tumor cell death and endostatin dose (P ϭ 0.4).
relationship between tumor blood flow and endostatin dose, with maximal effects estimated at 357 mg/m 2 (Fig. 5) . The 95% CI overlapped considerably with those obtained in the measurements of EC apoptosis and MVD (95% CI, 270 -432; Table 2 ).
Discussion
As more compounds targeting biological processes enter clinical trials in patients with cancer, it is becoming increasingly clear that a new paradigm for evaluating them must be devel- Fig. 3 Effects of endostatin on Bcl-2 expression. Levels of Bcl-2 were determined by laser scanning cytometry (LSC) in matched (pre-versus posttreatment) excisional biopsies obtained from 17 patients. A, immunofluorescent detection of BCL-2 in tumor cell subsets. Biopsies obtained before and 56 days after endostatin therapy were stained with antibodies specific for Bcl-2 and CD31 and counterstained with propidium iodide as described in "Materials and Methods." Representative images of Bcl-2 expression (green) and total cell nuclei (red) before and after endostatin treatment. B, quantitative analysis of BCL-2 expression by LSC. Representative LSC-generated scattergrams depicting the cellular changes in BCL-2 expression detected in the biopsies displayed in A. Each pixel in the scattergram corresponds to one cell in the biopsy sections. Note that in this particular tumor, the number of tumor-associated endothelial cells expressing Bcl-2 decreased from 8.8 to 4.8% (quadrant II) after endostatin treatment. C, relationship between changes in endothelial cell BCL-2 expression and dose. The change in endothelial cells expressing Bcl-2 was calculated for each patient (E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The quadratic polynomial model was used to correlate the changes observed with dose as described in "Materials and Methods." Although the change was not significant, a modest trend toward decreased BCL-2 expression was observed within the endothelial cell compartment, with maximal effects estimated at 236 mg/m 2 (95% confidence interval, 74 -397). D, relationship between changes in tumor cell BCL-2 expression and dose. The change in tumor cells (CD31 -) expressing Bcl-2 was calculated for each patient (E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The quadratic polynomial model was used to determine the relationship between the change in Bcl-2 expression and dose. Interestingly, a modest dose-related increase in BCL-2 expression was observed.
oped if their biological activities are to be optimally exploited (11) . Reports of direct tumor regression can be found in the published literature (8, 18) , but most studies using biological agents have concluded that they are cytostatic rather than cytotoxic. Furthermore, they appear to exhibit greater effects when overall tumor burden is low rather than in settings of bulky disease, and their maximal activities may not occur at their maximum-tolerated doses (11) . These observations contrast sharply with what is observed with conventional cytotoxics (DNA damaging agents, taxanes, and so on), where the paradigm of identifying the maximum-tolerated dose as the basis for maximizing drug efficacy was developed (17, 37, 38) .
In several collaborative preclinical studies, we demonstrated that tumor growth inhibition induced by different classes of biological agents that display antiangiogenic activity (IFNs, epidermal growth factor receptor antagonists, and VEGFR-2 receptor/KDR antagonists) is associated with increases in tumor EC apoptosis (12, 13, 32, 39) . However, when we attempted to use manual counting methods to quantify the effects of endostatin on EC death in the biopsies obtained in our clinical trial, it became immediately apparent that more objective and sensitive quantitative methods were required. This is, in part, because levels of EC death were very low, and our inability to discern clear patterns of cell death in these tissues by manual counting methods is consistent with the experience of another group that assessed the effects of endostatin in an independent Phase I trial (40) . LSC analysis indicated that the average level of apoptosis in tumor-associated ECs was 0.2% before therapy and 1.1% after endostatin therapy, respectively (27) . Although the absolute levels of cell death were extremely low, this actually represented a 5-fold increase in cell death, which is comparable with the fold increases observed in TC lines exposed to cytotoxic agents in vitro. Over time, this increase in cell death was probably sufficient to produce the decreases in MVD that were also observed in the tissues. It is possible that greater increases in cell death would have been observed had we sampled the tumors at a different (earlier) time point, but Fig. 4 Analysis of hypoxia-inducible factor 1␣ (HIF-1␣) expression. Levels of HIF-1␣ were determined in matched (pre versus post) excisional biopsies obtained from 17 patients as described in "Materials and Methods." A, immunofluorescent detection of HIF-1␣. Biopsies were stained with an antibody specific for HIF-1␣, and the polypeptide was detected by immunofluorescence (red) and the tissues were counterstained for total cell nuclei (green). Note that endostatin treatment induced nuclear localization of HIF-1␣ in this particular tumor, indicated by the intense yellow staining in the cell nuclei (red ϩ green ϭ yellow). B, effects of endostatin on total cellular HIF-1␣. Tissue sections stained as shown in (A) were analyzed by LSC to determine the changes in protein expression in the cytoplasmic compartment of each cell. The change in cells expressing HIF-1␣ was calculated for each patient (E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The quadratic polynomial model was used to correlate the changes observed with dose as described in "Materials and Methods." Analysis of the data revealed no significant relationship between cytoplasmic HIF-1␣ expression and recombinant human endostatin dose. C, effects of endostatin on nuclear localization of HIF-1␣. LSC was used to quantify colocalization of HIF-1␣ and propidium iodide staining, and the change in cells expressing HIF-1␣ was calculated for each patient (E) at a dose of 15, 30, 60, 120, 180, 300, and 600 mg/m 2 . The data were evaluated using the quadratic polynomial model. Although the overall effects did not reach statistical significance, maximal nuclear HIF-1␣ localization was estimated at 252 mg/m 2 (95% confidence interval, 54 -451 mg/m 2 ).
there were no empirical data available at the time this trial started to suggest when optimal effects would have been observed. One of the intriguing findings made in the present study was that the changes in EC death and MVD were not linearly associated with dose of endostatin. Although we do not have a mechanistic explanation for these findings, it is possible that endostatin exerts its effects by interacting with surface receptor(s) that can be desensitized at supraoptimal concentrations of the polypeptide. Adoption of the quadratic polynomial model allowed us to identify the doses that produced maximal effects on the biological endpoints interrogated. Importantly, the dose of endostatin identified in each of these studies was very similar (ϳ250 mg/m 2 ). The effects were most striking when the results of the two most direct measures of antiangiogenic activity (MVD and EC apoptosis) were compared, where maximal effects were observed at 257 and 249 mg/m 2 , respectively. Furthermore, Pairwise Pearson analysis confirmed that there was a strongly significant, inverse correlation between the two variables (correlation coefficient ϭ Ϫ0.67 with P ϭ 0.003). Reanalysis of the PET-based blood flow data also revealed that endostatin produced dose-related reductions, with maximal effects observed near the optimal biological dose identified in the other analyses. Although we do not have an explanation for why the blood flow measurements identified a somewhat higher optimal biological dose than the MVD or EC apoptosis analyses, it is possible that the fact that flow data were unavailable for the 15-mg/m 2 cohort caused a slight rightward shift in the doseresponse curve.
Part of the data set used in the present study was previously reported elsewhere (27) . However, several factors precluded us from proposing that endostatin produced dose-related effects on angiogenesis. First, percentages of apoptosis were averaged across whole biopsy sections without taking into account the potential intratumoral and technical heterogeneity associated with the samples. Our new analyses clearly display the variation associated with our measurements (Fig. 2) . Even more important were the automated measurements of MVD, which served as independent (and statistically significant) indicators of biological effect. The nonlinear relationship between endostatin dose and response required that we analyze the data with a new statistical method (the quadratic polynomial model). Given the small number of patients enrolled at the critical dose levels, it is possible that the biology of the tumors (rather than endostatin itself) produced the changes in angiogenesis-related biomarkers measured here. We have attempted to confirm our results in preclinical studies in tumor xenografts, but limitations on drug availability have hampered these efforts, and it is conceivable that the effects of human endostatin on murine versus human ECs will differ. Unfortunately, although endostatin displayed some antitumor activity in two patients (stable disease, patient 9; partial regression of one lesion, patient 21), the drug did not produce any frank clinical responses. Hence, this work is hypothesis generating for future studies, although one would use these analyses to start the Phase II dose at 250 mg/m 2 . Finally, our data also provide a possible explanation for why we failed to observe significant clinical responses in our patient cohort. Although we observed a statistically significant relationship between EC death and TC death, the absolute levels of apoptosis reached in the TCs were modest at best and not comparable with the levels we observed in a previous study of the effects of neoadjuvant chemotherapy in breast cancer in which very significant clinical responses were obtained (28) . Thus, we suspect that intrinsic tumor resistance to apoptosis contributed to endostatin's failure to produce significant clinical responses in our patient cohort (26) and the others (40, 41) . Given that these patients were heavily pretreated with chemotherapeutic agents that probably act by inducing apoptosis (28) , the emergence of intrinsic resistance is to be expected. Identifying the thresholds of EC and TC apoptosis required to produce direct antitumoral activity remains an important subject for ongoing investigation. The lesions imaged in all cases were different from those biopsied. The 56-day blood flow data obtained by positron emission tomography that was used in our previous study (29) were subjected to reanalysis using the quadratic polynomial model. The change in tumor blood flow was calculated for each patient (E) at a dose of 30, 60, 120, 180, 300, and 600 mg/m 2 . The results revealed that endostatin significantly decreased tumor blood flow (P Ͻ 0.05), with maximal effects estimated at 357 mg/m 2 (95% confidence interval, 270 -432 mg/m 2 ). Note that data were available for only one patient at the 600 mg/m 2 dose level.
